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Tro investigate acetylcholine's (ACh's) role in cardiovascular ani
cerebrovascular regulation, neuroanatomic substrates were first defined using
immunocytochemnical mapping from choline acetyltransferase (ChAT), the ACh-

C= synthesizing enzyme. ChAT-immunoreactive cell bodies and processes were
localized to autonomic or limbic nuclei throughout the neuraxis and close
appositions with brainstemn microvessels and ependymal cells. Moreover, theA
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codistributed with catecholaminergic neurons staining for tyrosine
hydroxylase (TH) or phenylethanolamine N-methyltransferase (PNMT),
overlapped structures rich in muscarinic and nicotinic receptors, and
expressed autonomic, neuroendocrine or behavioral responsivity to central
cholinergic sti alation. Our findings indicate that: (1) cholinergic agents
act at multiple sites in the CNS and with topographic specificity; (2)
neuroanatomic substrates for cerebrovascular innervation modify
microvascular blood flow; (3) cholinergic processing attributed to the locus
ceruleus, paraventricular n. and supraoptic n. is mediated polysynaptically
or by synapses on processes extending into adjacent cholinoreceptor fields
and (4) anatomical substrates for cholinergic regulation of autonomic
reflexes and sympathoexcitation may be mediated by bulbospinal neurons. A
rich plexus of varicose fibers overlapping the CI area of RVL, which provides
the excitatory drive for tonic sympathetic discharge, may form the anatomical
basis for the increases in sympathetic nerve activity provoked by systemic or
central administration of ACh.
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SUMMARY

In an effort to investigate the role of acetylcholine (ACh) in cardiovascular and
cerebrovascular regulation, the groundwork was established by defining neuroanatomic
substrates. Cholinergic-autonomic pathways were immunocytochemically mapped using a
monoclonal antiserum against choline acetyltransferase (ChAT), the enzyme synthesizing
ACH. Central autonomic substructures were defined as areas receiving primary or potentially
higher-order visceral afferents, or those with efferent projections to spinal preganglionic
neurons of the intermediolateral cell columns ([ML).

ChAT-immunoreactive cell bodies and processes were localized to autonomic or limbic
nuclei throughout the neuraxis and close appositions with brainstem microvessels and
ependymal cells and codistributed with catecholaminergic neurons staining for tyrosine
hydroxylase (TH) or phenylethanolamine N-methyltransferase (PNMT). Cholinergic perikarya
and putative terminal fields overlapped structures which are rich in muscarinic and nicotinic
receptors and express autonomic, neuroendocrine or behavioral responsivity to central
cholinergic stimulation (posterior hypothalamic nucleus, fastigial deep cerebellar nucleus.
nucleus tractus solitarii (NTS), nucleus reticularis rostroventrolateralis (RVL).

Overall, 1) these data support the concept that cholinergic agents act at multiple sites
in the CNS and with topographic specificity. 2) Close appositions were observed between
ChAT-positive punctate varicosities and vascular endothelia and ependymal cells lining the
floor of the fourth ventricle and the ventral medullary surface, suggest neuroanatomic
substrates for cerebrovascular innervation modifying microvascular blood flow. 3) The
absence of immunoreactive elements in the locus ceruleus, paraventricular nucleus and
supraoptic nucleus was unexpected and suggests that cholinergic processing attributed to these
nuclei is mediated polysynaptically or by synapses on processes extending into adjacent
cholinoreceptor fields. 4) Putative cholinergic terminals overlapping sites which relay primary
(NTS) or higher-order visceral afferents suggest anatomical substrates for cholinergic
regulation of autonomic reflexes. 5) ChAT-immunoreactive terminals in areas where cells
project to the [ML support the view that central cholinergic stimulation provoking.
sympathoexcitation may be mediated by bulbospinal neurons. A rich plexus of varicose fibers
overlapping the Cl area of RVL, which provides the excitatory drive for tonic sympathetic
discharge may form the anatomical basis for the increases in sympathetic nerve activity
provoked by systemic or central adminstration of cholinergic ACh.
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EQR&WORD

Acetylcholine (ACh) contributes to the central regulation of autonomic function and
intrinsic neurogenic control of the cerebral circulation. Central cholinergic neurons influence
multiple autonomic, cerebrovascular and behavioral processes including cardiorespiratory
function (Willette et al., 1987). Recent studies have focused on AC as a neurotransmitter
regulating microvascular blood flow (Arneric et al., 1988) and on changes in central
cholinergic activity as factors in the expression and maintenance of hypertension (Brezenoff
and Giuliano, 1982; Giuliano and Brezenoff, 1987; Trimarchi and Buccafusco, 1987). Our
recent studies have, in fact, implicated intrinsic cholinergic mechanisms in brain in mediating
cerebrovascular provoked by cerebellar stimulation (Reis and ladecola, 1989): a) in CNS,
ChAT and ACh activity and muscarinic receptors were identified in capillary endothelia
(Arneric et al., 1988), and b) systemic administration of the antimuscarinic agents, e.g.
atropine, abolish the cerebrovasodilation provoked by stimulating the fastigial nucleus in the
cerebellum (Nakai et al., 1982; Reis and ladecola, 1989).

Despite the abundance of functional studies, the sites of action of cholinergic agents
and the anatomical pathways subserving cholinergic-autonomic and cerebrovascular regulation
are largely unknown. Notably, cholinergic neurons have not been clearly localized to areas
known to play a role in central autonomic function. While neurons staining for the
cholinergic degradative enzyme acetylcholinesterase (AChE) have been detected in the
brainstem reticular formation and raphe (Palkovits and Jacobowitz, 1974; Hoover et al., 1978;
Butcher and Woolf, 1984), few were immunoreactive to the ACh-synthesizing enzyme, choline
acetyltransferase (ChAT) or localized to physiologically identified areas known to play a role
in central autonomic function. Moreover, AChE is not a specific marker for cholinergic cell
bodies, being present in noncholinergic (Butcher et al., 1975; Eckenstein and Sofroniew, 1983;
Satoh et al., 1983) as well as nonneuronal (Carvaheira and Pearse, 1967) structures, including
capillaries and endothelial cells. Finally, the scope of most previous anatomical mapping
studies of cholinergic neurons was limited to forebrain and extrapyramidal nuclei concerned
with behavioral (memory storage and affective disorders), olfactory or somatomotor functions,
providing little information specific to regulation of activities or cerebral blood flow
(Sofroniew et al., 1985; Mesulam et al., 1983ab). The anatomical substrates whereby
intrinsic cholinergic networks in brain suspend autoregulation and thereby profoundly modify
cerebral blood flow are unknown.

In the present study we have used a monoclonal antibody against ChAT to identify
sites in the CNS that may be involved in cholinergic autonomic control and the intrinsic
neurogenic control of the cerebral circulation. Our emphasis is on central cholinergic
regulation of the circulation. Immunocytochemical studies were designed to map the
anatomical substrates of cholinergic-autonomic control by determining whether: 1) cholinergic
perikarya are present in traditionally-defined autonomic nuclei; 2) processes are labeled for
ChAT in areas of brain which are associated with cholinergically-mediated changes in
autonomic function and 3) an anatomical basis exists for cholinergic regulation of AP and
cerebral blood flow by neurons such as those in fastigial nucleus and parabrachial complex,
the locus ceruleus in the CI area of the rostral ventrolateral medulla.

In conductng the research described in this report, the investigators adhered to the
"Guide for the Care and Use of Laboratory Animals," prepared by the Committee on Care and
Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National
Research Council (DHEW Publication No. (NIH) 78-23, Revised 1978).
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LIST OF ILLUSTRATIONS

Fig. Wen PR_#

I Camera lucida drawings depicting distributions of ChAT-labeled 32
neurons on sagittal sections of the medulla oblongata. Each black
dot represents one immunolabeled cell body in a single 30 gim
section. Labeled cell bodies were localized to several autonomic
substructures including: the NTS, raphe, lateral tegmental field,
rostral ventrolateral medulla and periventricular gray.

2 Camera lucida drawings of neurons staining for ChAT in the RVL. 33
ChAT-stained neurons lie in the medial RVL close to the ventral
surface, and are smaller and primarily ventromedial to the
catecholaminergic (TH-labeled) neurons of the CI area. Dendrites
of neurons of the nucleus ambiguus (NA) extend into the RVL.
Very fine immunoreactive punctate processes resembling terminals
(as confirmed by electron microscopy, Milner et al., in press) are
also present in the RVL.

3 Camera lucida drawings depicting ChAT-immunoreactivity at 34
commissural (a,b) intermediate (cd) and rostral (e4f) levels of the
nucleus tractus solitarii (NTS). Perikarya (filled circles) were
labeled in commisural (a), ventral (bc), medial and intermediate
(d-f) subnuclei. Labeled terminals (fine punctate varicosities) are
limited to discrete fields of the NTS within dorsal, intermediate and
medial subnuclei. On the basis of painstaking analysis of serially
sectioned tissues it was our impression that processes in the NTS
are derived from both extrinsic and local neurons.

4 Camera lucida drawings focusing on the substructural organization 35
of cholinergic processes (resembling terminal fields) in the
parabrachial complex (PBC) and their topographic relationships to
neighboring nuclei. Punctate varicosities labeled for ChAT outline
portions of the dorsal-, central-, superior- and internal-lateral
subnuclei and the extreme- medial and medial nuclei

5 Darkfield photomicrographs demonstrating clusters of punctate 36
varicosities in the dorsolateral pons. In (a), note the terminal-like
cluster in the dorsal-lateral subnucleus of the parabrachial complex
(PBC). In (b), note the virtual absence of punctate varicosities in
the locus ceruleus (LC). Bar = 120 gm.

6 Camera lucida drawings of ChAT-immunoreactive processes in the 37
forebrain. In the hypothalamus, punctate varicosities (terminal
fields) outlined nuclei known to play a role in cholinergic regulaton
of arterial blood pressure and heart rate (e.g. the posterior and
marnmillary hypothalamic nuclei in subparafascicular, dorsal,
perifornical and lateral hypothalamic nuclei, the bed nucleus of the
stria terminalis and amygdala.
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7 Schematic diagram summarizing the potential neuroanatomical 38
substrates of cholinergic autonomic regulation. Cholinergic terminal
fields (right side) overlap nuclear subgroups which contain
catecholamine- and neuropeptide-synthesizing neurons and project
directly to the intermediolateral cell column (IML left side) or
cervico-thoracic respiratory lower motor neurons influencing
breathing (not illustrated).

8 Summary diagram suggesting a role for acetylcholine in NTS-reflex 39
control of cardiopulmonary function. Cholinergic terminal fields
overlap subnuclei of the NTS receiving primary cardiopulmonary
afferents and efferent projection sites of the NTS including the
nucleus ambiguus and the rostral ventrolateral reticular nucleus
(RVL).
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REPORT

METHOD

Experiments were conducted in 25 adult male Sprague-Dawley rats (250 - 400 g). To
enhance cell staining ten animals (anesthetized with halothane (2% in 100% 02) were injected
stereotaxically into the right lateral ventricle with colchicine (Sigma; 150 gg in 10 gl distilled
water) over 50-60 minutes and allowed to survive for 24 hours.

Animals were anesthetized with Nembutal (50 mg/kg, i.p.) and perfused transcardially
with normal saline for 30 seconds followed by 500 ml of 4% (w/v) paraformaldehyde in 0.1
M phosphate buffer (pH 7.3). Frozen 30 gim sections were cut transversely or sagittally on a
sliding microtome; alternate sections through the medulla or entire brainstem were processed
immunocytochemically for ChAT by a modification of the peroxidase-antiperoxidase technique
of Sternberger (1979). Monoclonal antibodies specific to ChAT of porcine brain origin and
produced in rat-mouse hybridomas were obtained from Boehringer-Mannheim. In control
studies, immunocytochemical specificity was tested by omitting the primary antibody.
In several animals adjacent sections were incubated with primary antisera to ChAT, TH or
PNMT. Antibodies to TH and PNMT were produced in rabbits agaiist enzymes of bovine
adrenal origin and localized immunocytochemically based on procedures described previously
(Park et al., 1982; Joh and Ross, 1983; Ruggiero et al., 1985).

Sections were mounted on gelatin-coated, dehydrated through graded alcohols, cleared
in xylene and coverslipped with Histoclad. Section outlines and gross nuclear borders were
drawn from adjacent Nissl-stained sections using an overhead Bausch and Lomb projector.
The total number of immunoreactive perikarya on each section was mapped under brightfield
illumination with the aid of a camera lucida attached to a Leitz microscope. Labeled processes
(dendrites, axons and bouton-like varicosities) were drawn under darkfield illumination. The
distributions of cholinergic perikarya and fine punctate varicosities were compared to the
locations of a) catecholaminergic neurons immunostained on alternate sections, and b)
perikarya labeled with wheat germ agglutinin--horseradish peroxidase conjugate (WGA-HRP)
or fluorescent tracers (e.g., fluorogold) injected into thoraco-lumbar or cervical segments of
spinal cord (most axoplasmic transport materal was available from previous or concomitant
(Cravo et al., 1988) studies). Methods used to demonstrate WGA-HRP reaction product were
identical to those described previously (Ruggiero et al., 1987).

RESULTS
Previously unidentified cholinergic perikarya, dendrites and punctate varicosities

resembling terminal boutons were immunoreactive for ChAT in areas which are known to
influence autonomic function. In several areas, a striking correspondence was noted between
terminals labeled for ChAT, and both catecholaminergic ([H and PNMT-immunoreactive) and
bulbospinal projection cells backfilled with WGA-HRP. On some sections and under high
power magnification, terminal fields were traced to their cells of origin. The major
trajectories of the more prominent local cholinergic pathways are described. However, in
most cases neither their directionality nor distal terminal end stations could be ascertained on
normal immunocytochemically-processed material.

HINDBRAIN

In the hindbrain cells and processes were labeled for ChAT in the ventrrolateral
medulla, nucleus ambiguus, nucleus solitarius-dorsal motor complex, lateral tegmental field,
raphe and paramedian reticular formation, periventricular gray, A5 area and parabrachial
complex. The camera lucida drawing of Figure 1 illustrates on sagittal sections ChAT-
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immunoreactive cell bodies in autonomic nuclei of the medulla oblongata.

Ventral medulla/nucleus ambiguus: (a) Ventrolateral medulla. The majority of
ChAT-immunoreactive cells formed a small compact cluster partly overlapping the medial
aspect of the rostral ventrolateral reticular nucleus (RVL) (Fig. 1,2). Neurons in this discrete
cholinergic subnucleus lay close to the ventral medullary surface and were bordered dorsally
and dorsolaterally by adrenergic neurons of the Cl area staining immunocytochemically for
the catecholaminergic enzymes TH and PNMT. Cholinergic cell bodies in the medial aspect of
the RVL were variable in size (16 nim - 30 pin), shape (fusiform, ovoid and multipolar) and
orientation and were slightly smaller than the average long diameter of the Cl
catecholaminergic cell bodies labeled for TH and PNMT. Those lying nearest the ventral
surface were oriented mediolaterally (horizontally or diagonally), as were most
catecholaminergic neurons of the CI area.

An especially dense thicket of immunoreactive fibers (in part derived from dendrites of
the nucleus ambiguus, NA) occurred in the dorsal aspect (apex) of the RVL directly
underlying the compact and semicompact divisions of the NA and overlapped bulbospinal
neurons backfilled from the cervical cord. Dendrites of ambigual neurons passed ventrally
and ventromedially into the RVL (Fig.2). The origins of varicosities in the RVL and lining
the ventral medullary surface could not be determined. The trajectories of other ChAT
immunopositive processes extended medially between the RVL and the ventral medullary
raphe, ventrally along the ventral medullary surface and dorsally into the overlying reticular
formation.

b) Nucleus ambiguus. Neurons were labeled for ChAT throughout the NA and formed
an ovoidal column overlying the nucleus RVL and contributing to the retroambigual portion
of the nucleus reticularis caudoventrolateralis (CVL) (Ruggiero et al., 1989, 1990) (Figs. I
and 2). Cholinergic neurons in the NA comprised several morphologically different subtypes.
Proceeding caudally, they demonstrated a progressive increase in long diameter and a decrease
in packing density.

Nucleus tractus solitarii: Perikarya in the NTS were labeled moderately to lightly,
albeit inconsistently. Labeled cell bodies in the NTS were, moreover, well organized,
restricted to specific subnuclei, and consistently localized to the same loci. The majority of
cholinergic perikarya occurred in two principal locations: (1) at the junction of the rostral and
intermediate thirds of the nucleus (Figs. 3d) and (2) caudally in the ventral subnucleus and the
commissural nucleus of the vagus (CNX) (Figs. 1; 3a-c).

In the intermediate third of the NTS a discrete collection of round to ovoid, small
perikarya (8-10 gm in diameter) lay medially and dorsomedially to the solitary tract (Fig. 3d).
Most cells were located in the intermediate subnucleus and adjacent portions of the medial
subnucleus. When viewed under both bright- and dark-field illumination, labeled cells were
found to be admixed with immunoreactive punctate varicosities. A second subgroup of
cholinergic cell bodies was seen in the ventral NTS (Fig. 3a-c) and extended from the caudal
pole of the area postrema into the lateral aspect of CNX. Most cells were situated ventrally
and medially to the solitary tract and immediately laterally to the dorsal motor nucleus; some
extended laterally and ventrolaterally into an area of the medullary reticular formation,
interposed between the dorsal motor nucleus, the ventrolateral division of NTS and the ventral
parasolitary region. A third group of lightly to intensely labeled cell bodies was distinguished
in the medial aspect (A2 area) of the CNX, dorsal to the dorsal motor nucleus (Figs. 3).

Axons of passage and punctate varicosities also were labeled in the NTS and extended
from the rostral pole of the nucleus to the CNX (Fig. 3a-O. The most prominent fields of
putative terminals were localized to the rostra two thirds of the nucleus.
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Periventricular gray: Perikarya, presumptive terminals and axons in passage were
labeled throughout the brainstem periventricular gray (PVG). ChAT immunoreactive perikarya
surrounded the central canal, lined the floor of the fourth ventricle or were concentrated in the
dorsal tegmental (DTN) and laterodorsal tegmental (LDT; group Ch6) nuclei and neighboring
substructures (Figure 4).

In the closed medulla, clusters of small (8-12 pm), ovoid and pear-shaped perikarya
surrounded the perimeter of the central canal. In the rostral medulla, and in increasing
nur-ibers throughout the caudal and middle pons, labeled cells were clustered or scattered
along the floor of the fourth ventricle. In the medulla, the majority of cell bodies were
located medially in the PVG and lay dorsally to the medial vestibular nucleus, nucleus
prepositus or medial longitudinal fasciculus (MLF). Most cells were small, ovoid to
pear-shaped or spindly and ranged in long diameter from 8 to 20pm.

ChAT-labeled axons also ascended or descended longitudinally within the
periventricular gray. Other processes of periventricular cells extended 1) tangentially, in
parallel with or perpendicularly to the floor of the fourth ventricle, 2) horizontally across the
midline and 3) ventrally into the dorsal raphe or paramedian reticular formation.
Immunoreactive processes appeared to contact the stratum subependymale and also surrounded
the walls of periventricular microvessels. Similar contacts were observed on sections
immunostained for the catecholamine synthesizing enzymes TH and PNMT (Ruggiero et al.,
1985). At the isthmus of the pons ChAT-positive cell bodies appeared in the LDT and were
variable in shape (multigonal and triangular to fusiform) and approximately 20 gm in long
diameter. The major axes of a large proportion of these cell bodies and their principal
dendritic arbors were oriented mediolaterally (diagonally or horizontally). Rostrally, the axes
of a large number of cells tended to orient diagonally in a dorsomedial to ventrolateral
direction. Their processes, like those of other periventricular neurons, coursed dorsally and
contacted the subependymal layer of the fourth ventricle. Other fibers coursed dorsolaterally
into the lateral parabrachial nucleus, ventrolaterally (at rostral levels) into the medial
parabrachial nucleus and contiguous portions of the diffuse division of PPN, and
ventromedially into the paramedian reticular formation adjacent to the nucleus raphe pontis
and raphe medianis. Punctate varicosities surrounded cholinergic perikarya of the LDT or
extended caudally into a geometrically similar area (a non-cholinergic nucleus) lying adjacent
to the LDT and just rostrally to the A6 neurons in LC. A major contingent of fibers, which
appeared to originate in the LDT, coursed medially through the DTN toward the nucleus
raphe dorsalis (RD), nucleus alpha of the central gray and subnucleus 0 (Meessen and
Olszewski, 1949) where they appeared to terminate.

The LC was virtually unlabeled throughout its extent with the exception of a few
scattered axons coursing diagonally through it (Fig. 4a, 5b). The nucleus, as defined
cytoarchitectonically on Nissl stained sections and immunocytochemically (on adjacent
sections) by its content of noradrenergic (TH-immunolabeled) cell bodies backfilled from the
spinal cord, was enveloped by the following fields of punctate processes: ventromedially (and
rostrally) by Barrington's nucleus and cholinergic cells of the pericentral rim of the DTN:
medially by a thin periventricular strip lining the floor and wall of the fourth ventricle;
dorsolaterally by a previously undescribed parabrachial field lining the medial border of the
superior cerebellar peduncle; and ventrally (and ventrolaterally) by presumptive cholinergic
terminals in the mesencephalic trigeminal nucleus and the noradrenergic nucleus subceruleus
(identified by TH-positive and bulbospinal projection neurons). ChAT-labeled fibers in
passage admixed with clusters of punctate varicosities resembling terminal boutons were
followed rostrally through the mesencephalic periaqueductal gray (PAG).

Raphe: ChAT-immunoreactive perikarya were limited to two nuclei of th medullary
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raphe: The nucleus raphe obscurus (RO) and nucleus raphe magnus (RM) (Fig. 1). Most cell
bodies in the RO extended from the level of the area postrema to the pontomedullary junction.
Perikarya of the RO were mostly fusiform or ovoidal and averaged 18-24 Jim in long
diameter. In the RM, the majority of cell bodies was labeled in the rostral medulla, primarily
at the level of the facial nucleus. In a pattern characteristic of sero Cnergc-spinal cells,
ChAT-immunoreactive neurons (and processes) in the raphe extended laterally and
ventrolaterally from the midline and were aligned with the transverse fibers of the trapezoid
body. A large number of neurons in the RM were fusiform in shape, oriented horizontally
and measured approximately 25 in in long diameter.

In the caudal pons cholinergic varicosities were adjacent to and partly occupied regions
retrogradely labeled from the spinal cord and containing 6-hydroxytyptanunergic and
dopa-decarboxylase-positive perikarya (see Jaeger et al., 1984, 1985), including the pontine
extension of the RM and contiguous parts of the ventral pontine reticular formation.
Conspicuous at mid-pontine levels and extending rostrally were two bilaterally symmetrical
elongate condensations of labeled processes in the paramedian reticular function, distributed
vertically between the medial lemniscus and the MLF. At this level, immunoreactive
processes appeared to overlap lateral aspects of the nucleus raphe pontis (RP) and, to a greater
degree, adjacent nonserotonergic portions of the paramedian reticular formation. Especially
high concentrations of labeled fibers were recognized ventrally in the superior central nucleus
(SCN), where the terminal field expanded laterally and lay dorsally and dorsomedially to the
reticulotegmental nucleus (RTN). Some fibers clearly bypassed the SCN and passed ventrally
into the RTN. midbrain raphe.

AS Area Cerebellum and Parabrachial Complex: ChAT-immunoreactivity occurred
primarily within processes in the A5 area cerebellum and PBC (see Fig. 4a-d). In the
ventrolateral pons, ChAT immunoreactive processes overlapped a region lateral to the facial
nucleus and superior olive (A5 area). On alternate tissue sections, neurons in the A5 area
were immunolabeled for TH and retrogradely labeled from the spinal cord. In the cerebellum,
processes were labeled for ChAT in the deep cerebelar cortex (not illustrated). Prominent
fields of bouton-like varicosities were identified in the fastigial nucleus and concentrated
rostrally within a region innervated by the spinocerebellar tract. Varicosities and thin axon
segments were also distributed throughout adjacent folia of the anterior and posterior
cerebellar vermis. In the PBC, small numbers of generally lightly labeled cholinergic
perikarya, triangular and ovoid in shape and measuring 8-15 gn in long diameter were
identified in the prespinal region of the nucleus of Koelliker-Fuse (KF) and scattered within
the external-medial and dorsal-lateral nuclei; some perikarya were also embedded in the
superior cerebellar peduncle (SCP). Aggregates of punctate varicosities and linear arrays of
fibers representing terminal fields and axons in passage were labeled for ChAT in both the
lateral and medial divisions of the PBC. As seen under darkfield optics, presumptive
terminals in the PBC formed several clusters that were restricted to specific subnuclei as
defined by the Nissl and connectional studies of Fulwiler and Saper (1984) (see Fig. 5a).

FOREBRAIN

Hypohalamus: In general, ChAT-positive perikarya in the hypothalamus were sparse,
labeled lightly and imonsistenfly (even in animals pretreated with colchicine) and were
scattered without organization. The exception, a small group of intensely immunopositive
multipolar cell bodies, was seen in the rostral lateral hypothalamus, in a prespinal area lying
dorsolaterally to the supraoptic nucleus (SON) (Fig. 6de). At rostral levels a few smaller and
inconsistently-labeled perikarya surrounded the perifornical nucleus.

ChAT-containing axons in the hypothalamus, as seen in transverse and sagittal tissue
sections, were cut obliquely or perpendicularly to their long axes, and appeared to.travel by at
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least three principal pathways: 1) the medial forebrain bundle (MFB), 2) the PVG, and 3) the
lenticular fasciculus and ansa lenticularis. Immunoreactive varicosities in the hypothalamus
were abundant and limited to discrete substructures extending from the mammillary region to
the anterior hypothalamic area. Terminal-like fields appeared as dense to moderately dense or
light aggregates of punctate varicosities admixed with networks of both fine and coarse
processes. In the mammillary region, fibers were labeled in the lateral (LHN) and posterior
(PHN) hypothalamic nuclei and the mammillary body (Fig. 6a). In the caudal LHN (Fig.
6a,b) most of the immunoreactivity occurred in axons in passage. Another more
densely-labeled field was localized to the lens-shaped subthalaxnic nucleus (corpus Luysi),
indenting the dorsal aspect of the cerebral peduncle. In the PHN (Fig. 6a) a moderately dense
plexus extended from the hypothalamic PVG, dorsally, to the supramammillary commissure,
ventrally. Fibers in the PHN were in contiguity with label in the ventromedial aspect of the
PVG (and subparafascicular nucleus; SPF); they also lay medially to the fasciculus retroflexus
and (further rostrally) to the mammillo-tegmental and mammillo-thalamic tracts and caudally
to the dorsal hypothalamic area.

In the mammillary body (Figs. 6a), terminal-like varicosities and fibers in passage were
concentrated along a dense strip outlining the dorsal arcuate-shaped border of the medial
mammillary nucleus. Moderate densities were concentrated along peripheral aspects of both
divisions (medial (MM) and lateral (ML)] of the medial mammillary nucleus and encapsulated
the lateral mammillary nucleus (LM).

Bouton-like varicosities were labeled in other hypothalamic substructures extending
from the tuberal region to the anterior hypothalamic area, including the lateral (LHN),
perifomical (PFN) and dorsal (DHN) hypothalamic nuclei and the zona incerta (ZI). In the
LHN (Fig. 6b-e) immunoreactive varicosities were concentrated rostrally and laterally,
overlying the supraoptic nucleus and bordering the anterior amygdala. This relatively large
field extended laterally into the substantia innominata.

Few or no immunoreactive fibers were seen in the paraventricular (PVN), supraoptic
(SON) or anterior (AHN) hypothalamic nucleL In the mediobasal hypothalamus (MBH),
including the ventromedial (VMN), arcuate (Arc) and retrochiasmatic (RCN) nuclei, a diffuse
immunoreaction product was present on experimental tissues as well as on control sections
incubated solely with the secondary antiserum. The PVN contained virtually no labeled
varicosities with the exception of a small number of fibers in passage. The PVN was
surrounded by neighboring terminal fields in the ZI (dorsally), the DHN (ventrally), and the
PFN (ventrolaterally). The main body of the SON (Fig. 6c-e) was also unlabeled and, as
described above, was bordered dorsally and dorsolaterally by a prominent field extending from
the lateral hypothalamus into the substantia innominata and anterior amygdala.

In the anterior hypothalamus a labeled field outlined the intrahypothalamic component
of the bed nucleus of the stria terminalis (NSTi) (just lateral to the unlabeled AHN) (Fig. 5e).
The field in the NST was followed rostrally to the level of the anterior commissure where
terminals were admixed with labeled perikarya in both dorsal and ventral divisions of the
nucleus (Fig. 6f).

ChAT-immunoreactive varicosities coincided: a) catecholaminergic (TH-
immunopositive) neurons in posterior, subparafascicular, dorsal and rostrolateral hypothalamic
nuclei, including the ventral subcommissural aspect of the NST, and b) bulbospinal cell bodies
backfilled from the cervical or thoracolumbar cord in the above nuclei and PFN (but not
NST).

Amygdala: The distributions of cells and processes in the amygdala were, in large
part, comparable to previous data (e.g. Hellendall et al., 1986) based on ChAT, and AChE
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histochemistry; thus, the most densely labeled aggregates of punctate varicosities were
localized to the basolateral nucleus, layer 2 of the nucleus of the olfactory tract (NLOT) and
the amygdalohippocampal area in that order (Fig. 6b-e).

In this study we have identified potential neuroanatomical substrates of cholinergic
neurogenic control of the circulation. Most prior works examined the structure and function
of the cholinergic subgroups Chl-Ch6 of the basal forebrain and extrapyramidal system, with
little or no focus on areas of autonomic representation (see Shute and Lewis, 1967; Sofroniew
et al., 1982, 1985; Mesulam et al., 1983ab, 1984). Thus, despite ample physiological,
pharmacologic and biochemical evidence for circuits involving cholinergic autonomic
neurotransmission in the cerebellum RVL, NTS and hypothalamus, the presence of cholinergic
or cholinoceptive elements in these areas was either unknown, not studied in detail or
complicated by conflicting data.

Our principal findings are, 1) newly identified cholinergic cell groups in the RVL,
NTS, and subjacent areas of reticular formation (e.g. nucleus reticularis dorsalis), raphe,
periventricular gray and the parabrachial complex and 2) putative terminal fields in the above
areas and other substructures known to be involved in autonomic responses, in particular,
changes in AP and HR, as, for example, the fastigial nucleus in cerebellum.

The presence of ChAT in cell bodies of central autonomic nuclei, such as the NTS--the
first order relay of primary visceral afferents--implies that its end product, ACh, may act as a
neurotransmitter in the neurogenic control of autonomic function. ChAT is synthesized by
cholinergic perikarya and transported to presynaptic nerve endings (Tucek, 1985). The
significance of different intensities of immunoreaction product in individual neurons is
unknown. Low or inconsistent levels, as for example, in some neurons of the solitary
complex or hypothalamus, suggest that their detection depends on the specific antiserum or
that the levels of enzyme in these neurons lie near or below the sensitivity of our technique
(see Benno et al., 1982). It is also conceivable that variations in labeling reflect differences
in cell function intraventricularly prior to processing for immunochemistry. Overall, a broader
and more complexly organized distribution of bouton-like punctata was labeled for ChAT in
central autonomic subnuclei than has been reported previously. Putative terminal fields
generally conformed to normal cytoarchitecture and were organized topographically (e.g.
rostral one-third of fastigial nucleus) or in some areas (e.g., NTS), viscerotopically.
Immunocytochemical data provided anatomical substrates for previous functional observations,
and also confirmed and extended findings from biochemical assay and receptor binding
studies. They also provided greater resolution differentiating cholinoceptive from cholinergic
elements. The use of darkfield optics to view tissues processed with the
peroxidase-antiperoxidase technique aided greatly in the recognition of labeled processes.
This was probably the single major advantage over studies employing brightfield optics to
view cholinoceptive fields.

ANATOMI CONSIDERAUTIONS

HINDBRAIN

Ventral medulla: ChAT-positive cell bodies and clusters of punctate varicosities were
identified, for the first time, in the reticular formation of a sympathoexcitatory region in the
rostral ventrolateral medulla (Ross et al, 1983). Immunoreactive perikarya did not conform to
a discrete nucleus, forming instead a compact cluster lying close to the medullary surface and
extending between the nucleus gigantocellularis ventralis, medially and the Cl adrenergic area
of the nucleus RVL, laterally. On some sections cholinergic reticular neurons extended
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laterally into the nucleus RVL as defined functionally by adrenergic and nonadrenergic
bulbospinal neurons and terminal projections of the cardiopulmonary NTS (see Ross et al.,
1983, 1984ab, 1985; Cravo et al., 1988; Ruggiero et al., 1989, 1990).

Cholinergic reticular neurons, as described here, do not correspond to previously
reported cell groups (Kimura et al., 1981, 1984; Armstrong et al., 1983; Satoh et al., 1983).
Armstrong and coworkers (1983), for example, emphasized that the intensity of
ChAT-immunoreactivity in neurons of the medullary reticular formation was only slightly
higher than background and equivalent to the level of staining observed on control sections.
In our material the immunoreaction product in ventral reticular neurons, while tending to be
somewhat less than that in neighboring cell groups (for example, the nucleus ambiguus), was
appreciably and consistently higher than background. Optimal staining appeared to be
dependent on factors such as tissue fixation, the specific antiserum or lot number of the PAP
complex, and emphasizes that differences in immunoreactivity often are dependent upon
technical parameters, and do not necessarily reflect variations in enzyme content. Thus,
differences in technique as much as individual species variation may account for certain
discrepancies between our data and those of others. Discrepancies with Satoh et al. (1983),
who described perikarya that were AChE positive, ChAT-negative and similar
cytoarchitectonically to catecholamine neurons, may be explained by the fact that the
degradative enzyme also can occur postsynaptically on the surfaces of cell bodies receiving
cholinergic afferents (Wainer et al., 1984). Possibly related was our discovery of a rich
plexus of bouton-like varicosities overlying neurons in the nuclei RVL and CVL. Thus,
adjacent sections processed for ChAT, TH or PNMT demonstrate that cholinergic processes
overlap adrenergic neurons in the Cl area of RVL and non-adrenergic columns of cells
admixed with Cl neurons on directly underlying the compact and loose divisions of NA.
Whereas Cl adrenergic neurons in RVL appear to project to spinal preganglionic cell columns
in thoracic and lumbosacral cord, non-adrenergic perikarya in RVL and the retroambiguual
area of CVL may project preferentially to cervico-thoracic phrenic and intercostal lower
motoneurons (Ruggiero et al., 1989). Still unknown is the origin of the cholinergic innervation
of RVL, viz., whether it derives from intrinsic neurons or distal cholinergic nuclei which
interconnect with the RVL (e.g., raphe, NTS, spinal cord). The presence of cholinoceptive
elements in the ventrolateral medulla is supported by histochemical staining for AChE
(Palkovits and Jacobowitz, 1974; Simon et al., 1981; Satoh et al., 1983), 3H-QNB binding in
tissue homogenates (Kobayashi et al., 1978; Simon et al., 1981) and autoradiographic labeling
of nicotinic (Clarke et al., 1985, Swanson et al., 1987) and muscarinic receptors (Ernsberger et
al., 1988ab). Consistent with these findings are biochemical markers of cholinergic
neurotransmission in the ventral medulla, including measurements of ChAT activity and ACh
content (Kobayashi et al., 1975; Vizi and Palkovits, 1978; Helke et al., 1980ab; Simon et al.,
1981) and Ca *-dependent, K -evoked release of ACh from the C1 area (Arneric et al., 1986).

Nucleus Iractus solitarii: Cholinergic perikarya and fine punctate varicosities
resembling individual terminal fields were detected in the NTS. Prior to this report, there was
no evidence that NTS neurons synthesized ACh in either the rat (Armstrong et al., 1983;
Houser et al., 1983; Kimura et al., 1984; Wainer et al., 1984; Ichikawa and Hirata, 1986), cat
(Kimura et al., 1981) or primate (Mesulam et al., 1983a; 1984). The present results suggest
that significant numbers of cells are able to biosynthesize ACh in the NTS. Cells in NTS
expressed moderate to relatively low levels of enzyme depending on their location and were
organized topographically.

Previously unrecognized clusters of punctate varicosities were also labeled for ChAT in
the NTS. These processes resembled terminal fields and were distributed viscerotopically.
Individual fields, although contiguous, were very well differentiated by their pattern and
density, and tended to overlap NTS substructures as defined by cytoarchitecture or patterns of
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connectivity. The highest concentrations of cholinergic afferents were found in aspects of the
dorsal, medial and intermediate subnuclei which receive first-order afferents from baro-,
chemo- and cardiac receptors and the pulmonary tree (Kalia and Sullivan, 1982; Ciriello,
1983; Kalia and Richter, 1985). That cholinergic afferents to the NTS contact
neurotransmitter specific neurons is attributed to their limited distribution to portions of
subnuclei surrounding the intermediate one-third of the solitary tract. When compared to the
distributions of catecholaminergic perikarya (Armstrong et al., 1982; Kalia et al., 1984, 1985),
cholinergic processes overlap noradrenergic neurons in the medial subnucleus of the NTS
(which are TH- and DBH-positive and PNMT-negative), adrenergic neurons in the dorsal strip
(which are TH-, DBH- and PNMT-positive) and dopaminergic neurons in the ventral NTS and
dorsal motor nucleus (which are TH-positive and DBH- and PNMT-negative). Cholinergic
elements also appear to coincide with the distribution of several neuropeptides in the NTS.

The presence of cholinergic elements in the NTS was predicted by reports of
AChE-positive neurons (Butcher and Woolf, 1984; Willenberg et al., 1985; Mizukawa et al.,
1986), as well as moderate concentrations of ACh and the cholinergic enzymes ChAT and
AChE (Kobayashi et al., 1975; Helke et al., 1980ab; Simon et al., 1981; Hodes et al., 1983;
Hoover et al., 1985; Ernsberger et al., 1988b). Immunocytochemical evidence for cholinergic
terminal fields in the NTS is also consonant with receptor binding data (Wamsley et al.,
1984a,b; Kobayashi et al., 1978; Simon et al., 1981; Wamsley et al., 1981, 1984a,b; Hodes et
al., 1983; Ernsberger et al., 1988a,b; Rotter et al., 1979).

Raphe and Perivenricular Gray: Two discrete cholinergic cell groups were identified
for the first time in the nucleus raphe magnus (RM) and the nucleus raphe obscurus (RO).
Cells in both areas project to the IML (Tohyama et al., 1979; Loewy, 1981; Loewy and
McKellar, 1981). ChAT-positive perikarya were not previously localized to the brainstem
raphe of rats or primates (Armstrong et al., 1983; Houser et al., 1983; Satoh et al., 1983;
Kimura et al., 1984; Satoh and Fibiger, 1986).

Extensive networks of immunolabeled fibers and punctate varicosities were identified
throughout the pontine and medullary raphe. This finding extends the work of Kimura et al.
(1981) who demonstrated cholinoceptive elements throughout similar areas of the raphe in the
cat. Our data also are consistent with the presence of muscarinic and nicotinic
cholinoreceptors (Rotter et al., 1979; Wamsley et al., 1981; 1984ab; and Willenberg et al.,
1985), and biochemical evidence of AChE and ChAT activity, as well as muscarinic binding
sites (Simon et al., 1981; Ernsberger et al., 1988ab).

Our immunocytochemical data also revealed, for the first time, parallel trajectories of
cholinergic axons coursing through the pontomedullary raphe and paramedian reticular
formation. Their diagonally horizontal organization was similar to the monoaminergic
projection pattern established for the Cl and C2 adrenergic-raphe fiber tracts as described in
the rat (Granata et al., 1985; Ruggiero et al., 1985, 1989, 1990) and cat (Jones and Friedman,
1983).

Cholinergic cells and processes in the medullary periventricular gray (PVG) were more
extensive than described previously (see references cited above). The cell groups in the
pontine PVG confirm the previous descriptions of Satoh et al. (1983), Satoh and Fibiger
(1986) and others. However, a more complex substructural organization of terminal fields
was observed at the pontine isthmus, in the dorsal tegmental nucleus and nucleus raphe
dorsalis. In contrast to previous reports (Jones and Beaudet, 1987, cats), neither cholinergic
cell bodies nor punctata were identified in the locus ceruleus in the rat (see Functional
Considerations). Since the monoclonal antibody used by Jones and Beaudet (1987) was
similar to ours, the discrepancy might, in fact, reflect a species difference.
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Parabrachial complex and AS area: ChAT-positive cell bodies in the PBC were
sparse, labeled lightly and, with the exception of the nucleus of Koelliker-Fuse, scattered
without an apparent organization. Armstrong et al. (1983) noted that, in rats, cholinergic cells
in the PPN could be followed as far caudally as the PBC, but did not (in contrast to our
finding) extend into it or the nucleus of Koelliker-Fuse. Based on the above report, the
majority of labeled cells surround the brachium at the pontomesencephalic junction and
coincide with the diffuse and compact divisions of the PPN and not the PBC as defined by
Nissl stains or tracer studies (Fulwiler and Saper, 1984).

Cholinoceptive elements were described in the PBC in cats (Kimura et al., 1981) and
rats (Kimura et al., 1984) as admixed with or directly overlying cholinergic perikarya. Our
immunocytochemical data extend these findings. Immunoreactive processes (putative terminals
and networks of axons arborizing in passage) were limited to specific areas of the PBC and,
in general, conformed to the following subdivisions of Fulwiler and Saper (1984): dorsal,
central, internal and superior subnuclei of the lateral parabrachial nucleus, portions of the
medial division and the nucleus of Koelliker-Fuse. Another terminal field was identified in an
area of the ventrolateral pons (A5) intermingled with catecholaminergic neurons known to
project to the intermediolateral cell column (Loewy et al., 1979a). Our data extend and
corroborate reports of intense staining of AChE throughout the complex (Butcher and Woolf,
1984), high and low affinity muscarinic agonist binding sites (Wamsley et al., 1981; 1984b)
and nicotinic receptors as demonstrated immunocytochemically (Swanson et al., 1987).

FOREBRAIN

Hypothalamus and Amygdala: Our data agree with the general consensus that
cholinergic perikarya are rare in the hypothalamus. The exceptions include cells in the lateral
hypothalamus overlying the SON, as reported by Mason et al. (1983), or a previously
unrecognized population admixed with labeled processes in the perifornical region, as
described by Tago et aL (1987). Our data were inconclusive concerning the presence
(Sofroniew et al., 1985; Tago et al., 1987) or absence (Rodriguez-Sierra and Morley, 1985) of
cholinergic perikarya in the Arc.

In contrast, immunoreactive processes in the hypothalamus were numerous, well
organized and limited to cytoarchitectonically well-defined nuclear boundaries. Prior to this
study, remarkably little information was available on the distribution of cholinergic afferents
in the hypothalamus of the rat (see Sofroniew et al., 1985). As described below, data in the
rat were often inconsistent and contradictory, or incomplete and obtained with techniques
providing less resolution than ours. In the present investigation, several previously unknown
terminal fields were differentiated in 1) the mammillary body (a dorsal immunopositive strip
overlying the medial mammillary nucleus and a shell of processes encircling the perimeter of
portions of the medial and lateral mammillary nuclei; 2) the posterior and dorsal hypothalamic
nuclei (including a distinct field demarcating the ovoid-shaped subparafascicular nucleus); 3)
the rostral lateral hypothalamus, overlying the SON; 4) the perifornical nucleus, and 5) the
intrahypothalamic component, contiguous with the rostral paracommissural division of the
NST. Cholinergic terminals in the ZI were also well organized and arranged in discrete
lamina, similar to catecholamine- and ACTH-immunopositive terminals (see Baker et al.,
1986), and provide additional evidence that afferents to this region are compartmentalized and
organized topographically.

Cells staining for the degradative enzyme AChE (Palkovitz and Jacobowitz, 1974; Satoh
et al. 1983)partially overlapped fields labeled for ChAT (posterior hypothalamus, perifornical
nucleus or ZI) or regions negative for ChAT, but harboring dopamnergic perikarya (e.g.
PVN). It was our impression that 'cholinoceptive' varicosities (immunoreactive for the specific
marker ChAT) were often localized to regions harboring catecholaminergic perikarya and
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processes (Baker et al., 1986; Chan-Palay et al., 1984a; Ruggiero et al., 1985).

The specificity of cholinergic loci in the hypothalamus was emphasized by other
regions containing few or no immunoreactive varicosities. Unexpectedly, and in contrast to
microassay and receptor binding data (Palkovits and Jacobowitz, 1974; Helke et al., 198(0b;
Clarke et al., 1985; Altar and Marien 1988), no varicosities were labeled for ChAT in either
PVN or the main body of SON. Discrepancies with biochemical data, therefore, suggest that
micropunches demonstrating cholinergic markers in the PVN or SON were contaminated by
adjacent terminal fields. Our data also are discrepant with reports of structures labeled for
AChE in the SON (Mason et al. 1983). In the latter study terminals were restricted to caudal
regions of SON predominated by vasopressinergic cells. In our material, cholinergic processes
were localized to an area of the lateral hypothalamus adjoining the substantia innominata, but
not including the SON. If, as implied by functional studies, cholinergic neurons interact with
vasopressin- or dopamine-containing cells in the PVN or SON, the anatomical substrate thus.
would be indirect or involve synapses on dendrites occuring outside these nuclei.

Finally, our work provides direct evidence for cholinergic fiber tracts, long and short,
traveling in the medial forebrain bundle (MFB), PVG, ansa lenticularis and lenticular
fasciculus. Immunopositive axons in the MFB add to the list of chemically-identified
processes in this region as reported by Nieuwenhuys et al. (1982) and may represent
descending cholinergic fibers from the basal forebrain or those ascending from the PPN or
LDT.

In the amygdala, the distributions of cholinergic processes conformed closely to its
cytoarchitecture as described by Turner and Zimmer (1984). Our major focus was the central
nucleus (Ce), the principal amygdalofugal outflow to brainstem autonomic nuclei. Our
principal findings include: 1) A shell of bouton-like punctata and axons encapsulating the Ce,
medially (within AP) and laterally (within API); 2) In contrast, immunoreactive processes
were sparse in Ce, an ovoid structure equivalent to the lateral division of the central nucleus
of McDonald (1982). When compared to Golgi preparations (McDonald, 1982), our data
suggest that cholinergic processes probably contact dendrites of neurons in the lateral division
of Ce which radiate medially into a cholinoceptive area equivalent to AP2 (the medial division
of Ce).

FUNCTIONAL CONSIDERATIONS

Anatomic Substrates of Cholinergic Autonomic Regulation

Our anatomical data, as summarized in Figures 7 and 8, offer new insights into the
potential origins of cholinergic influences on autonomic activity and the mechanisms of
ACh-mediated: (1) sympathoexcitation and increases in regional cerebral blood flow and
adrenal catecholamine synthesis and release, (2) release of vasopressin, and (3) modulation of
the baroreceptor and other central autonomic reflexes. In the brainstem, cholinergic processes
overlapped or were in close proximity to 1) sympathoexcitatory structures projecting to the
IML and associated with cholinergic activation (Figure 7), and 2) nuclei such as the NTS,
RVL or the lateral egmental field and PBC, which relay primary and higher-order sino-aortic
baroreceptor and other visceral afferents from the periphery (Figure 8). The widespread,
albeit topographically specific, distribution of processes staining for ChAT and overlapping
autonomic hypothalamo-, parabrachial-, raphe-, NTS-, and reticulo-spinal neurons may form
the morphologic basis for functional evidence that (1) multiple sites in the CNS play a role in
cholinergically-mediated (often muscarinic receptor-activated) changes in autonomic function,
and that (2) the actions and direction of change in AP and HR or neuronal firing rate
provoked by centrally administered cholinergic agonists are site-specific (see Brezenoff and
Giuliano, 1982).
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In the forebrain, cholinergic processes were localized to sites where microinjections of
ACh or cholinergic agonists elicit pressor responses: the septum, posterior hypothalamic
nucleus, supramammillary region and pars medialis of the medial maxnmillary nucleus
(Brezenoff 1972; Buccafusco and Brezenoff, 1978, 1979; Pirola et al., 1987). Cholinergic
terminals in these regions also may play a role in the baroreflex: Thus, injections of
carbachol or physostigmine into the posterior hypothalamic nucleus, an area densely
innervated by ChAT-positive processes potentiate the reflex rise in blood pressure to occlusion
of the carotid artery--the so-called carotid arterial occlusion reflex (Brezenoff et al., 1982).
However, other networks of cholinergic terminals were also found in the subparafascicular
nucleus (overlying the posterior hypothalamic subnucleus), lateral hypothalamus (at all levels
although, especially rostrally, overlying the SON), zona incerta and dorsal hypothalamic
nucleus (adjacent to the PVN), intrahypothalamic and paracommissural components of the bed
nucleus of the stria terminalis and portions of the amygdala and septum. Though not mapped
systematically for cholinergic-mediated activity, many of these immunoreactive fields may
modulate autonomic reflexes by cholinergic mechanisms, perhaps linked to their outflow to
the spinal cord.

The absence of cholinergic processes in the PVN and SON was unexpected in light of
numerous reports that these nuclei contain cholinergic markers for ACh (Hoover et al., 1978;
Helke et al., 1980ab; Clarke et al., 1985) undergo decreases in ChAT activity in
four-week-old spontaneously hypertensive rats (Helke et al., 1980a) and play a role in
ACh-mediated release of vasopressin. Functional data, for example, demonstrate that
centrally-acting cholinergic agonists release vasopressin (Kuhn, 1974). Since processes
containing ChAT did not overlie magnocellular neurosecretory subnuclei but were associated
with adjacent areas of the dorsal and lateral hypothalamus, cholinergic control over
paraventricular and supraoptic vasopressin-secreting neurons may be mediated by the
following anatomical substrates: 1) polysynaptically, 2) by cholinergic synapses on
vasopressinergic dendrites extending into adjacent cholinoceptive fields or 3) by adjacent
hypothalamic neurons.

Finally, cholinergic forebrain neurons may mediate a repertoire of autonomic activities,
perhaps linked to the hypothalamic defense response. These include cholinergic regulation of
gastric function by supraoptic (Zawoiski and Koplovits, 1977) and lateral (Okuma et al., 1983)
hypothalamic nuclei, body temperature and salivation concomitant with arousal and behavioral
excitability (see Avery and Penn, 1973; Beleslin and Stevanovic-Denic, 1986; Tomic-Beleslin
and Beleslin, 1986; Warburton, 1981 for references).

In the cerebellum and pons, several cholinergic anatomic substrates were discovered
which likely influence autonomic function. Cholinergic processes were observed in the
fastigial nucleus (FN) and cerebellar vermis, and within brainstem nuclei contributing to the
neurogenic control of cerebral blood flow (e.g. nucleus RVL and rostral third of the medial
cerebellar nucleus). These fields, taken with close appositions of ChAT-immunoreactive fibers
with intraparenchymal microvessels, provide neuroanatomic substrates for changes in regional
cerebral blood flow provoked by brainstem or cerebellar stimulation. Anatomical data predict
that cholinergic projections to the PBC may play a role in central autonomic regulation.
Cholinergic processes resembling terminal boutons were localized to the fastigial nucleusin
cerebellum and subnuclei of the PBC (the medial nucleus, nucleus of Koelliker-Fuse and the
dorsal-lateral subnucleus) associated with increases in AP and HR (Miura and Reis, 1970Y,
Doba and Reis, 1972; Mraovitch et al., 1982), the generation of respiratory rhythm (Bertrand
and Hugelin, 1971; Cohen, 1979) and projections to spinal preganglionic neurons and bulbar
respiratory centers (Saper and Loewy, 1980, Kalia, 1987). Cholinergic afferents also were
distributed to parabrachial substructures which, in turn, project to regions (Fulwiler and Saper,
1984) integrating autonomic, limbic and neuroendocrine function, yet having little or no
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cholinergic innervation. It is conceivable that by using these indirect pathways, cholinergic
afferents may influence non-innervated (non-cholinoceptive) nuclei polysynaptically. The
functional significance of these findings has yet to be explored.

Muscarinic-receptor mediated increases in AP attributed to vasopressin secretion may be
mediated by ChAT-immunoreactive processes in the medial parabrachial-subceruleal zone
where neurons are inhibited tonically by baroreceptor afferents and excited antidromically
from the SON (Kannan et al., 1981). Vasopressin secretion, also enhanced by unloading of
baroreceptors (Metoki, 1976) or by noxious stimulation (Mirsky et al., 1954) may be
modulated by cholinergic afferent mechanisms in the PBC where baroreceptor and
somatosympathetic afferents appear to converge (Stornetta et al., 1989).

Cholinoceptive fields in the PBC (and NTS) also overlapped neurons receiving somatic
(spinal) and visceral afferents and projecting to the thalamus and cerebral cortex (Nomura et
al., 1979; Saper and Loewy, 1980; Saper, 1982ab; Ruggiero et al., 1986; Stornetta et al.,
1989). Cholinergic projections to PBC were found in part to stem from cells in the
pedunculopontine (PPN) and laterodorsal tegmental nuclei (LDT), which have similar
projections to the forebrain. These circuits, if confirmed ultrastructurally, would provide an
anatomical substrate for the increases in REM sleep (and hypotonia) provoked by injecting
carbachol into the dorsal parabrachial area (Gnadt and Pegram, 1986).

The LDT (the pontine micturition center located anteriorly to the locus ceruleus)
contains, amongst other neurons, cholinergic perikarya admixed with cholinergic processes
(Satoh et al., 1978). LDT projection fields, including the ventrolateral NTS (a vesico-relaxer
center) and the lateral tegmental field (LTF; a vesico-constrictor center) (Tokunaga and Kuru,
1959; Loewy et al., 1979b; DeGroat, 1975), contain processes labeled for ChAT (this study)
and muscarinic binding sites (Ernsberger et al., 1988ab). Collectively, these data suggest that
central cholinergic pathways also may contribute to neural control of the bladder.

The absence of cholinergic processes in the locus ceruleus (LC) was surprising in light
of evidence for muscarinic receptors, hemicholinium-3--high affinity choline uptake sites and
biochemical markers for ACh (Palkovits and Jacobowitz, 1974; Helke et al., 1980ab; Butcher
and Woolf, 1984; Kasa, 1986 ) and the observation that microiontophoresis of ACh or
cholinergic agonists into the LC decreases AP and HR (Sved and Feldsten, 1987) and
increases neuronal firing rates, apparently by a muscarinic receptor-mediated mechanism
(Guyenet and Aghajanian, 1979; Engberg and Svensson, 1980). Our immunocytochemical
studies demonstrate that cholinergic processes encapsulate, but do not directly overlap
noradrenergic perikarya of the A6 area, and therefore do not establish axosomatic synapses.
These data suggest that the cholinergic innervation of the LC may occur via synapses on
noradrenergic processes lying adjacent to the nucleus.

In the medulla, cholinergic drugs may act to influence autonomic function at three
principal sites: (1) the nucleus of the solitary tract (NTS); (2) lateral tegmental field: the
nuclei reticularis dorsalis and parvocellularis, and (3) the rostroventrolateral reticular nucleus
(RVL). Cholinergic processes were localized to areas of the NTS receiving cardiopulmonary
and chemoreceptor afferents (Kalia and Mesulam, 1980; Kalia and Sullivan, 1982; Ciriello,
1983; Kalia and Richter, 1985; Kalia, 1987) and form one anatomic substrate by which
cholinergic agonists may exert a modulatory influence on baroreceptor and respiratory
reflexes. Cholinergic afferents to subnuclei of the NTS surrounding the solitary tract and
projecting to the RVL may modulate reflexes subserved by this circuit (Ruggiero and Reis,
1988; Ruggiero et al., 1989, 1990), including the maintenance of respiratory rhythm (Millhom
and Eldridge, 1986; Feldman and Ellenberger, 1988), the vasodepressor/bradycardic reflex to
carotid sinus stretch (Granata et al., 1985), or release of adrenal catecholamines and
vasopressin elicited by either baroreceptor-reflex unloading or electrically stimulatipg the NTS
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(Nakai et al., 1982) or the RVL (Ross et al., 1983, 1984b) (Figure 9).

Cholinergic afferents were also localized to the subnucleus centralis of the NTS and
nuclei reticularis parvocellularis and dorsalis. Neurons in both regions project to the
"compact" formation of NA (Ross et al., 1985; Ruggiero and Reis, 1988; Ruggiero et al.,
1989, 1990) supplying pharyngeal, laryngeal, and bronchial smooth muscles, the thymus and
pancreas (Gacek, 1975; McAllen and Spyer, 19"8; Yoshida et al. 1980, Bullock and Moore,
1981; Lobera et al., 1981; and Laughton and Powley, 1979; Bieger and Hopkins, 1987), and
may play a role in modulating swallowing, gastrointestinal and respiratory reflexes (see
Ishikawa et al., 1982). Based on the work of Spenser and Talman (1986), microinjections of
ACh or cholinergic agonists limited to the intermediate region of NTS (an area innervated by
baroreceptor afferents and receiving especially dense cholinergic innervation) provoke changes
in AP and HR simulating the baroreflex: Injections of atropine into the NTS which interfere
with central cholinergic function attenuate the bradycardic component of the reflex and
elevated AP. These observations are supported by our anatomical findings and suggest that
the cholinergic afferents identified in this region of the NTS are the critical elements
augmenting the baroreceptor reflex and, thus, lowering AP. These data, moreover, may relate
to the earlier observation that injections of indirect cholinergic agonists into the lateral
ventricle potentiate the reflex slowing of the heart evoked by peripherally administered
vasoconstrictor agents or inhibit the reflex tachycardia induced by the vasodilator sodium
nitroprusside (Caputi et al., 1980).

Finally, a new field of cholinergic neurons and bouton-like varicosities was recognized
in a caudal area of the LTF--the nucleus reticularis dorsalis (RD)--where muscarinic receptors
were heavily labeled by [HIQNB (Ernsberger et al., 1988a; binding sites in RD are
contiguous dorsally with those in NTS on their Figure IA). The nucleus RD also corresponds
to an area where pressor responses are provoked by intraparenchymal microinjections of
physostigmine (Kubo and Misu, 1983).

ACh may also contribute to the vasomotor and respiratory-generator functions of an
area of the ventrolateral medulla physiologically related to nucleus RD. As observed in this
study, a rich plexus of varicose processes immunoreactive for ChAT and admixed with
perikarya in the nucleus RVL may form the anatomic basis for the following findings: 1)
Activation of cholinergic receptors in the RVL by microinjection or ventral surface application
of cholinergic agonists elicits dose-related increases in AP and HR (Willette et al., 1984;
Bennaroch et al., 1986; Giuliano et al., 1989), as well as cardiorespiratory-stimulation (Dev
and Loeschke, 1979; Fukuda and Loeschke, 1979) and reversal of opioid-induced respiratory
depression (Willette et al., 1987): both respiratory and vasomotor responses are antagonized
by atropine administered by the same route, indicating involvement of muscarinic receptors.
2) The integrity of brainstem-spinal neurons within the area of RVL projecting to the IML
(i.e., the Cl region) is critical for the expression of the muscarinic-mediated pressor response
to systemically-administered physostigmine (Giuliano et al., 1989): that is, the response is
blocked by a) chemical lesions of the RVL specifically destroying CI area neurons or b)
microinjections of drugs (limited to the Cl area as demonstrated autoradiographically) which
interfere with central cholinergic function (for example, muscarinic antagonists or the high
affinity choline uptake blocker, hemicholinium-3, which depletes endogenous ACh). Lastly,
cholinoceptive elements in the CI area, as identified immunocytochemically, mediate the
elevation in AP via M2 receptors (Giuliano et al., 1989): That is, the pressor response is also
blocked by injections into the C1 area of the novel M2-muscarinic antagonist, AFDX- 116, but
is unaffected by the MI-antagonist pirenzepine, or the antinicotinic agent, hexamethonium.
Despite compelling evidence for muscarinic-activated sympathoexcitation (and concomitant
hypertension) evoked by vasomotor neurons in the C1 area, the anatomical evidence for
cholinergic innervation of tonically-firing sympathoexcitatory neurons or interneurons is still
indirect.
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Finally, multiple neuroanatomical substrates were identified whereby cholinergic
neurons in concert with other neurotransmitters influence autonomic function. The importance
of ACh in the central regulation of AP (our main focus) is reflected by altered central
cholinergic neurotransmission in hypertension, the pressor action of central cholinergic
agonists dependent on the functional integrity of the CI area of RVL and the widespread
distribution of ChAT-immunoreaction product coinciding with brain areas that mediate
cardiopulmonary reflexes and (in the case of the RVL) maintain basal levels of sympathetic
tone (normotension). Combined functional and biochemical studies suggest that changes in
cholinergic or AChE activity in specific brain structures may play a role in the physiological
response to stress (Gabriel and Soliman, 1983; Gilad et al., 1985; Dilsaver et al., 1986; Hata
et al., 1986) concomitant with increases in corticosterone and, perhaps ultimately, in the
expression and maintenance of hypertension (Yamori et al., 1972; Buccafusco and Spector,
1980;, Helke et al., 1980ab; Hershkowitz et al., 1983; Giuliano and Brezenoff, 1987;
Trimarchi and Buccafusco, 1987). Animal models of hypertension, for example, demonstrate,
depending on the phase of the disease process, significant increases in central cholinergic
markers (see above) along with changes in central catecholamines (Saavedra et al., 1978;
Saavedra and Alexander, 1983) as well as exaggerated responsivity of AP to centrally acting
cholinergic agonists and antagonists (Yamori et al., 1972; Hoffman et al., 1978; Kubo and
Tatsumi, 1979; Buccafusco and Spector, 1980; Giuliano and Brezenoff, 1987). Selective
increases in cholinergic neurotransmission in hypertension, regardless of the etiology, are
perhaps, related to the findings that central cholinergic activation simulates the hypothalamic
defense response (Beleslin and Stevanovic-Denic, 1986; Tomic-Beleslin and Beleslin, 1986)
and that stress, a factor in the pathogenesis of autonomic dysfunction, is as cited above, also
associated with changes in cholinergic parameters.

CONICLUSQi
Neuroanatomical data shed light on the dependence of cholinergically- provoked

sympathoexcitation upon bulbospinal and central catecholaminergic neurons. Most obvious is
the extensive overlap of cholinergic processes and brainstem nuclei projecting to the IML and
synthesizing dopamine (Al 1-A13 cells in hypothalamus), norepinephrine (A2 neurons in NTS;
A6 dendrites extending into cholinoceptive fields surrounding the locus ceruleus), epinephrine
(Cl-C3 areas) and substance P, serotonin or enkephalin (ventral medulla, raphe and lateral
wings of the nucleus raphe magnus). The C1 area of the RVL, a tonic vasomotor center and
a component of the central cholinrgic-sympathoexcitatory mechanism and the hypothalamic
defense response (Hilton et al., 1983; Hilton and Smith, 1984), may be the critical link (i.e., a
final common pathway) in a chain of neurotransmitters mediating cholinergic-autonomic
outflow.

Bulbospinal neurons in CI mediate the pressor response to central muscarinic
activation, and are interconnected locally with regions of the raphe harboring neurons
synthesizing substance P and acetylcholine (colocalized with serotonin and enkephalins) (see
Andrezik et al., 1981; Ruggiero et al., 1984, 1989, 1990). Still to be established are the
ultrastructural relationships of cholinergic and vasomotor neurons, the relevance of
neurotransmitters cosynthesized by cholinergic neurons (catecholamines in the dorsal motor
nucleus, Manier et al., 1987; substance P and atriopeptin in the pons, Standaert et al., 1986;
and enkephalins in spinal cord preganglionic neurons, Kondo et al., 1985) and the sequence of
molecular and neurochemical changes associated with cholinergic autonomic mechanisms
linked perhaps to the pathophysiology of hypertension.

Finally, cholinergic terminals richly innervate forebrain regions--the hypothalamus,
amygdala, septohippocampal and pituitary adrenal axes and the periaqueductal gray--involved
in conditioned autonomic responses to stress (Gilad et al., 1985, 1986) or the defense arousal
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response (Hilton et al., 1983; Hilton and Smith, 1984). These nuclei, in turn, relay to nuclei
in the hindbrain synthesizing catecholamines and neuropeptides and modulating the tonic and
reflex control of arterial blood pressure (Ruggiero et al., 1989ab). Changes in brain ACh and
receptor sensitivity occur during stress, a factor in autonomic dysfunction. Consequently,
dramatic increases in behavioral excitability linked to central cholinergic stimulation, in the
face of genetic determinants and a learned response to emotionally arousing stimuli, may
contribute to the etiology of neurogenic hypertension.
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Figure 1. Camera lucida drawings depicting distrbutions of ChAT-labeled neurons on
sagittal, sections of the medulla oblongaz. Each black dot represents one immunolabeled cell
body in a single 30 I= section. Labeled cell bodies were localized to several autonomic
substructures including: the NTS, raphe, lateral tegmental field, rostral ventrolateral medulla
and perivenmrcular grey.
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Figure 2. Camera lucida drawings of neurons staining for ChAT in the RVL. ChAT-stained
neurons lie in the medial RVL close to the ventral surface, and are smaller and primarily
ventromedial to the catecholIaminergic (TH-labeled) neurons of the Cl area. Dendrites of
neurons of the nucleus ambiguus .(NA) extend into the RVL. Very fine immunoreactive
punctate processes resemblin terminals (as confirmned by electron microscopy, Milner et al.,
In press) are also present in g V
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Figure 3. Camera lucida drawings depicting ChAT-immunoreactivity at commissural (a,b)
intermediate (cd) and rosal (eI) levels of the nucleus tractus solitaril (NTS). Perikarya
(filled circles) were labeled in commisural (a), ventral (bc), medial and intermediate (d-f)
subnuclei. Labeled terminals (fine punctate varicosities) wre limited to discrete fields of the
NTS within dorsal, intermediate and medial subnuclei. On the basis of painstaing analysis of
serially sectioned tissues it was our impression that processes in the NTS are derived from
both extrinsic and local neurons.
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Figure 4. Camera lucida drawings focusing on the substructural organization of cholinergic
processes (resembling terminal fields) in the parabrachial complex (PBC) and their
topographic relationships to neighboring nuclei. Punctate varicosities labeled for ChAT
outline portions of the dorsal-, central-, superior- and internal-lateral. subnuclei and the
extrem.e-medial and medial nuclei.
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Figure 5. Darkfield. photomicrographs demonstrating clusters of punctate varicosities in the
dorsolateral pons. In (a), note the terminal-like cluster in the dorsal-lateral subnucleus of the
parabrachial complex (PBC). In (b), note the virtual absence of punctate varicosities in the
locus ceruleus (LC). Bar - 120 p~m.
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Figure 7. Schematic diagram summarizing ~~Tpoetanurntmcasbtaeso
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